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ABSTRACT
Four Glacial Lake Outburst Floods (GLOF) occurred in the Colonia Glacier (Northern
Patagonia Icefield, Chile) from April 2008 to March 2009. Lago Cachet 2 emptied four
times producing a maximum excess discharge in the downstream Rio Baker of about
2,500 m3/s. These events have occurred at the same time as the proposal by HidroAysen
to install two dams on the Rio Baker to produce hydropower. The aim of this thesis is to
investigate the GLOF mechanisms and to estimate the magnitude of outburst flows to
better understand their effect on the feasibility of the HidroAysen project. A
temperature balance model for Lago Cachet 2 is developed to estimate the lake
temperature before an outburst. These temperatures become inputs for the modified
Clarke's model that predicts peak discharge of the lake given its geometry. The
temperature model gave a lake temperature in January equal to 7.4 'C degrees that
produces a peak discharge of approximately 2,000 m3/s, somewhat lower than the one
registered at the confluence of the Rio Colonia with the Rio Baker (the station
registered a peak discharge of 2,500 m3/s). A sensitivity analysis of the model to the
various inputs suggests that model accuracy could be improved with more information
about the geometry of Lago Cachet 2 and meteorological data. The study also illustrates
how air temperature influences the melting of the Colonia Glacier and how the
temperature trend is responsible for the GLOF frequency. A possible future scenario is
proposed for Lago Cachet 2.
Thesis Supervisor: E. Eric Adams
Title: Senior Research Engineer and Senior Lecturer of Civil and
Environmental Engineering
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1. Introduction
This research addresses the occurrence of GLOFs (Glacial Lake Outburst Flood) in the
Rio Baker watershed in the Aysen region, Chile. Such GLOFs are important as they
might adversely affect hydro-power projects proposed for the region.
In this thesis, the mechanisms that produce outbursts are investigated. In addition, the
study deals with all the factors that influence the peak discharge of a GLOF event.
Particular attention is put on how the peak discharge is related to the air temperature and
consequently to the lake water temperature. The final objective of this analysis is
predicting the occurrence of GLOFs and their maximum magnitude in terms of water
discharge in the Rio Baker.
My research is part of a team project that focuses on the impacts of hydropower projects
in the Aysdn region. Five students from MIT have looked at different aspects of the
dams: Kristen Burrall has optimized the operation of already existing hydropower
plants, Laura Mar has evaluated the CO 2 emissions, Gianna Leandro has studied the
water quality of the Rio Baker, Elisabetta Natale has performed a dam breach analyses.
The team has been on the field in January 2009 in order to collect data and information
about the dams. Section 2.1 of this thesis has been taken from the team report [3].
The Aysen region extends from 440 to 490 S and from meridian 750 to 700 W [See
Figure 1]. The region includes the Northern Patagonia Icefield and the Southern
Patagonia Icefield, the largest in the world after the ones in Antarctica and Greenland.
Aysen is the least populated region in Chile due to its severe climate and to the lack of
accessibility. Currently, there are no routes that link the region to Santiago and upper
Chile. Roads through the region are very similar to tracks and most places can be
reached only by boat or plane.
Figure 1- Aysdn Region, Chile (Biblioteca del Congreso Nacional de Chile, 2000).
The increasing need for energy has become a critical issue for Chile in the last years.
For decades Chile has purchased natural gas from Argentina and fossil fuels from other
countries instead of focusing on investments that could have made it independent.
Nowadays, since the population is increasing and Santiago is becoming larger and
larger, Chile is trying to find new sources of energy. In addition, Argentina has raised
the prizes of power obliging Chile to look for alternatives.
One responses to the need for power has been suggested by the wide abundance of
water resources in the country. Hydropower has been also used in the past, (Rio Bio Bio
Dam), for its cheap operation costs. Currently, the government has been looking at the
huge resources in Patagonia that have never been used before.
Chilean Patagonia is a pristine region, almost not populated, that is particularly rich in
water resources. Rio Baker is its largest river and also the largest in the whole country
in terms of volume of water. It extends from Lago Bertrand to the Pacific Ocean for
about 170 km. At Lago Bertrand -- that is connected to the larger Lago General Carrera
-- the Rio Baker's flow is small and not powerful. During its course, the river passes
along the Northern Patagonia Icefield, draining the glaciers and increasing considerably
its discharge. The total area of the basin drained by the river is about 26,700 km2 wide
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and its average discharge about 700 m3/sec, even if it is subjected to significant
fluctuations.
The flows magnitude and power have been particularly appealing for the development
of hydropower. Many projects of dams on the Baker have been proposed since the
1970s. Nonetheless, the country has never taken into serious consideration the
opportunity of building dams in Patagonia until recently.
HidroAys6n is the company that has advanced the design of a system of five dams in
Chilean Patagonia. The project is a joint venture of the Spanish firm ENDESA and the
Chilean Colbun S:A. The preliminary design involves the construction of two dams on
the Rio Baker and of three other dams on the Rio Pascua, another smaller river in the
Ays6n region whose drainage basin is particularly large.
In this thesis only the Rio Baker's basin will be analyzed with regards to its hydrology
and to the GLOFs (Glacial Lake Outburst Flood), hydrologic phenomena that have only
recently been observed in the area.
One of the main aims of this research is to investigate the impacts of GLOFs on the
dams' construction. This analysis is performed looking at the frequency of these events
and at the flows derived from each event.
While these events have only been observed during the past year in the Northern
Patagonia Icefield, they are a common phenomenon in the glaciers of the world. Their
consequences on the human environment and constructions have been clearly shown in
Nepal where bridges and a dam have been destroyed after an extreme event [5].
With regards to the Rio Baker's dams, GLOF frequency could represent a significant
threat. Each event is occurring at intervals of a few months or less. On the other hand,
the construction of a reservoir requires at least six months or more in order to divert the
river and install the cofferdam. If the GLOF's trend remains constant or continues to
increase, this could be a serious obstacle for the project.
In addition, the power of a GLOF's wave is comparable to that of a tsunami. The river
discharge more than doubles over its base flow in a period of hours to a few days. The
impacts of the wave on the dam, could produce an overtopping or even a dam breach.
This emphasizes the importance of an exact estimation of the peak discharge. The issue
is particularly relevant if the GLOF occurs during or after the installation of the
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cofferdam or even if the proposed dams would be earthen. In these cases, the
probability of failure could increase, destroying the whole project.
In summary, the research will investigate causes and determining factors for the GLOF
events for the Bio Baker basin. Hopefully, simulating and analyzing this event will give
a better understanding of the mechanisms that led to its occurrence. Trying to draw the
"big picture" will finally help evaluate the feasibility of the HidroAys6n's project.
2. Background
In this chapter the GLOF issue and how it is related to the particular area of the
Northern Patagonia Icefield (NPI) will be discussed.
Firstly, the HidroAysin project will be described in more detail. Its feasibility is
intimately linked to the GLOF and has had also the role of focusing the international
attention on this natural phenomenon.
Secondly, a definition and some background about the glacial lakes formation and the
factors that determine their outburst will be provided. Some of the past studies' results
that have been developed in Chile will be presented as well as information from
research conducted on the Southern Patagonia Icefield (SPI) that has given useful
feedbacks on the NPI. In addition, a brief overview about fracture propagation in
glaciers is intended to illustrate the multiple factors that interact to produce a glacial
outburst.
Finally, the available data on the NPI and in particular on the Rio Baker's watershed
will be analyzed. In particular, temperature and flow data will be analyzed since they
represent the first cause and the effects of a bigger environment change that is currently
taking place in Patagonia.
2.1. Dams Project in Patagonia
HidroAys6n S.A. is a joint venture between Endesa Chile, a Spanish energy company
that has been recently purchased by the Italian ENEL, and Colbun S.A., a Chilean
electricity generation company [18]. The HidroAys6n project consists of five
hydroelectric dams on two rivers: the Rio Baker and the Rio Pascua. The combined
capacity of the dam system is 2,750 MW, generating (on average) 18,430 GWh of
power annually, the equivalent of 30% of the power currently installed in the SIC
(Central Interconnected System). Power generated by the dams will be connected
through local transmission mains; a large long distance high voltage transmission line
will also be required to connect the dams in the Ays6n grid to the power demand in the
SIC, [18]. The dams will require inundation of land for the five reservoirs totaling a
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flooded area of 5,910 hectares. In addition to flooded land, the construction and
operation of the dam will disturb an additional 11,000 hectares of land.
A local electricity grid will combine the output from the five dams and will be
converted from alternating current (AC) to direct current (DC) for long distance
transmission [18]. The 2,240 km transmission line will require five thousand 50-meter
towers spaced 400 meters apart and requiring a 70-meter easement (Patagonia without
Dams Campaign). As a result of the separation of generation, transmission and
distribution under the General Law of Electrical Services, Transelec will design the high
voltage transmission line separately from the HidroAys6n dams. CONAMA (Chilean
equivalent to the U.S. Environmental Protection Agency) will therefore evaluate the
environmental impact of the dams and the transmission line separately.
The transmission lines themselves have been the greatest source of controversy.
Although detailed designs are likely developed, they have not yet been made publicly
available. One key question is the total capacity of the DC line; if the capacity is greater
than the 2750 MW dam project, this may encourage subsequent development (S.J.
Wright, personal communication, 2009).
2.2 GLOFs
Glacial lake outburst floods have always occurred on Earth since a very long time ago.
For instance, a huge flood event due to a sudden discharge of exceptionally large
volumes of glacial water, seems to have been the responsible for the formation of the
English Channel [15].Outburst events are also typical in the Alaska, Greenland and
Iceland glaciers [8], [22], [25], [29].
The outbursts are linked to the formation of lakes within the glaciers. The lakes gather
the water that comes from melted ice during warm seasons. The ice surrounding the
lakes dams the water.
The ice-banks are subjected to lake water pressure, erosion, avalanches or sometimes
also to deeper volcanic activities [23], [25]. When the ice-dam fails, the water in the
lake is released immediately leading to an outburst flood that sometimes reaches
millions of cubic meters of water. Most of times, the water flows through tunnels and
moulins that form and enlarge when the ice breaks.
2.2.1. Glaciers Retreat
The World Glacier Monitoring Service (WGMS) has collected and published
standardized information [35], about ongoing glacier changes since 1894 (but mass
balance observations from South America have only been available since 1976 with
recent data reported from nine glaciers). The first attempt to compile a world glacier
inventory was made in the 1970s based on aerial photographs and maps. Today the
inventory is based mainly on satellite images.
The general trends recorded by the WGMS show that from the moraine formed towards
the end of the Little Ice Age - that mark Holocene maximum extents in many
mountains around the world -- glaciers worldwide have been shrinking significantly.
They were subjected to strong retreats in the 1940s, were in a steady state condition
around the 1920s and 1970s and increased the rate of ice loss since the mid 1980s.
The current ice cover corresponds to about three-quarter of the world's total freshwater
resources and, if it melted, the sea level would rise by almost 65 m [35]. Since actual
glaciers have temperatures close to the melting point, they react very strongly to climate
change and provide the clearest evidence of the climate change. Glaciers indeed form
where snow, deposited during the cold and humid season, does not entirely melt during
the warm and dry times. Their distribution is a function of the mean annual air
temperature as well as of the annual precipitation. They can also be influenced by land
features.
The change in atmospheric conditions as well as topographic effects influence the mass
and energy balance at the glacier surface. Over long periods of time (from years to
decades), cumulative changes in mass balance cause volume and thickness changes.
They affect the flow of ice through internal deformation and basal sliding. This dynamic
leads to the advance or retreat of glacier tongues that constitutes an indirect signal of the
climate change. On the other hand, the glacier mass balance is a direct indicator of the
annual atmospheric conditions.
Patagonia is a humid-maritime region characterized by low altitude with warm
temperatures and long melting seasons during which ablation occurs. It is dominated by
temperate glaciers made up of firn and ice at melting temperatures. Temperate glaciers
present high mass turnover and react strongly to atmosphere warming and change in
moisture content due to enhanced melt and runoff.
WGMS publishes yearly measurements of glacier length changes and of glacier mass
balance [See Figure 2 and Figure 3]. The glacier length is easy to estimate and can be
measured using tape and compass. The mass balance data are obtained from direct
glaciological and geodetic methods. The direct glaciological method is based on field
measurements of the change in glacier surface elevation between two dates at fixed
points. The differences in elevation are multiplied by the density of snow, firn or ice to
units in metres of water equivalent and then integrated over the entire glacier. This mass
change corresponds to the total meltwater runoff. Dividing the total mass change by the
glacier area yields the specific glacier mass balance that is the mean glacier thickness
change.
South America
--
Figure 2 - Temporal overview on the number of reported glacier length change (light bars) and
mass balance survey (dark bars) recorded from 1845 to 2005, [35] .
SouthAmerica
UA mxextents atel7tm to ey It ctuy
-- 
-- 
-- -
Figure 3- Temporal overview on short-term glacier length changes. The number of advancing
(blue) and retreating (red) glaciers are plotted as stacked columns in the corresponding survey
year. The horizontal axis represents the years from 1845 to 2005, [35].
The WGMS (2008) report [35], describes the change in glaciers' length as due to
different processes. Typically, these processes are characteristics of a specific
geographic region but in the case of Patagonia more processes seem to interact.
According to the WGMS (2008), Surging Glaciers are short-term, periodic events where
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a glacier suddenly begins to flow with velocities up to 100 times faster than normal.
Some of these events have been recorded in Patagonia and seem to be due to the
drainage system underneath and within the glacier. The driving force seems to be the
englacial storage of water combined with gravity driven movement of stored water to
the bed. Typical Patagonia glaciers are the Calving ones. They are characterized by ice
spitting off and falling into adjacent lakes. When these glaciers lose contact with their
frontal moraine they produce huge icebergs. Their behavior is dominated by the role of
the water depth. Finally, Debris-Covered Glaciers are also very common in Patagonia.
They usually form glacier lakes at rapid rates when melting.
The final conclusion of the WGMS is that the cyclical nature of the ice ages seems to be
due to the variation of the earth rotational parameters as well as the variability of the
solar activity. Some other factors are also the latitudinal position of the earth's
continents, the chemical composition of the atmosphere, the dynamic of the climate
system and volcanic eruptions. The overall shrinking of the ice caps since the Little Ice
Age is parallel to the increase in global mean air temperature of 0.75 'C since the mid
19t century. This global warming is probably man-induced since the second half of the
20th century. Around the 1970s a general steady state or advancing of the glaciers was
recorded. It might be explained by the diminished incoming solar radiation due to the
increase of atmospheric pollution after the mid 20th century. In the mid 1980s, the
atmosphere cleared up again as a result of the implementation of industrial filters and
breakdown of industry in the former Soviet Union. This increased incoming solar
radiation and melting as well. Actually, the annual mass loss for the decade 1996-2005
is about 0.58 m water equivalent, which is more than twice the loss rate of the previous
decade
The Northern Patagonia Icefield lost about 3.4 % (140 km2) of its area between 1942
and 2001. The frontal tongues of calving glaciers were important sources of recession
and area change. In the Southern Patagonia Icefield, thinning rates of up to 30m/y have
been recently recorded with a significant contribution to sea level rise.
2.2.2. Northern Patagonia Icefield Morphology
Northern and Southern Patagonia Icefields are extremely sensitive to climatic change.
The variations experienced by the glaciers of this area in recent years and the
acceleration of the thinning and recession during the last decade are a direct response to
recorded climate change in South America [13], [34].
Figure 4 - Southern South America showing the location of the North Patagonian Icefield
(NPI), South Patagonian Icefield (SPI) and Last Glacial Maximum (LGM) ice extent [13].
The NPI (470 00' S, 730 39' W) is 120 km long and 40-60 km wide. Its height is
around 700 m with peaks of 2550 m above the sea level [See Figure 4]. It is drained by
about 70 outlets and has a total ice area of 3953 km2. It is characterized by abundant
precipitation, high ablation rates, steep mass-balance gradients and high ice velocities.
These peculiarities make it a dynamic and temperate glacier system that is currently
receding from its historical maximum position attained during the Little Ice Age
between AD 1200 and 1900.
The NPI geomorphology is very varied. The glacier surfaces are commonly crevassed
with supraglacial material organized into flow-parallel medial and lateral moraines. The
eastern outlet glaciers terminate in freshwater lakes (Colonia) with active lake-calving
fronts. A number of glaciers currently retain ice-dammed lakes in their upper regions.
Large tracts of ice scoured bedrock are clearly visible from satellite images [See Figure
5]. They are concentrated along the major ice discharge routes, along valley axes. On
the other hand they are absent on interfluves because the ice by temperate glaciers
flows mainly through the valley routes. This bedrock erosion was probably associated
with the Last Glacial Maximum ice masses.
Figure 5- Glacial geomorphological map of the NPI compiled from visual interpretation of
Terra ASTER and Landsat 7 Ebhanced Thematic Mapper Plus satellite images,[ 13].
Terminal moraines mark the former extent of many of the outlet glaciers of the icefield
and its satellite glaciers. Trimlines mark the vertical extent of former glaciers and are
useful in making glaciological reconstructions [See Figure 6].
20
Figure 6 - Glaciers Arenales and Colonia showing glacier surface features and surrounding
geomorphology [13].
Three sets of moraines were identified around the NPI from past geologic studies [See
Figure 7]. The first one is the closest to the contemporary glaciers and has been dated to
the Little Ice Age. The second set dams the proglacial lakes of Leones, Colonia and
Pared North Glaciers to the east of the North Patagonian Icefield. It was difficult to
estimate when it formed because probably this moraine set occupied more than once the
same location during the Holocene. On the east side there is a third moraine set older
than sets 1 and 2. It might represent an early Holocene or Late-glacial phase of glacier
expansion.
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Figure 7- Holocene recessional history of the North Patagonia Icefield at three times
intervals,[13].
2.2.3. Lago Cachet 2
This study focuses on the 2008-2009 GLOF events originated from Lago Cachet 2 in
the Rio Baker.
Lago Cachet 2 is located at 470 12'S, 730 15' W on the northern margin of the Colonia
Glacier [See Figure 8]. As said before, the glacier is an eastern outlet of the NPI that
extends for 288 square kilometers.
Figure 8 - Aster scene of February 4 , 2008,[4].
GLOF events at the Colonia Glacier have been recorded in the 1950s and once in the
1970s. During the 1960s and since the 1970s these phenomena disappeared. 1950s and
1970s outbursts were due to the sudden drainage of Lago Arco that is located 3
kilometers south of the glacier front. Since 1970s, Lago Arco has never flooded again
and drains to the front of the Colonia Glacier through an outlet stream, [4].
During the 2008-2009 GLOFs, Lago Cachet 2 drained catastrophically, producing an
extreme increase in the water level of the Colonia valley and subsequently of the Rio
Baker.
Since the lake is located 8 kilometers upstream from the front of the Colonia Glacier,
the interpretation for this outburst is that the water flowed through a subglacial tunnel 8
kilometers long. Fractures and collapse of the glacier front support this hypothesis.
First observations showed that the lake water pressure was probably much higher than
the ice overburden. This decrease in the ice-overburden is probably linked to the
thinning of the Colonia Glacier due to the increasing melting.
2.3 GLOF and Crevasses
As described in the previous section, the outburst of a glacial lake occurs through a
subglacial tunnel. This is what has also happened in the Lago Cachet 2 GLOFs. The
formation of a tunnel is the result of the interconnection between fractures and crevasses
that are always present in glacial systems. Probably the formation of an 8 kilometers
long tunnel that allows the water to flow through the Colonia Glacier was a process that
required a long time and that could explain the complete absence of GLOF events
before April 2008.
In this section, the mechanism that produces crevasses' propagation is analyzed. In
particular, fracture mechanics tools have been applied to the propagation of crevasses in
order to predict their penetration depth. This paragraph will help to understand the
combination of factors that leads to a glacial lake outburst.
2.3.1. Introduction
Crevasses are fractures that form in the brittle superficial ice of glaciers undergoing
extension [33]. They have always caught the interest of science because of their
importance in the glacier drainage system.
The causes of crevasses are still controversial. Some scientists have proposed that their
formation could be a consequence of the spreading out of the ice flow. The fractures
would form in order to reduce the surface strain rate due to tension on intercrevasse
blocks [21]. Other studies have emphasized the role of the second principal strain rate; a
few other authors linked the fracture formation to the value of tensile stress and to the
ice properties.
Crevasses can be from 10 to 1000 m long and several meters deep. Here, theories for
the extension of crevasses are presented as well as criteria to forecast the depth they can
reach. The issue regarding the depth ice fractures can reach is one of the crucial factors
that controls iceberg calving and outburst floods.
2.3.2. KQ
The stress-intensity factor, KQ, is a parameter used to analyze stresses of a sharp crack
in an infinite body. It was first introduced to describe the local stress-strain field near
the crack tip. Most theories reproduce crevasse formation as a Mode I principal mode of
crack propagation [33]. According to the principles of fracture mechanics, in this mode,
normal stresses are applied perpendicular to the plane of the crack. This mode produces
the opening of the crack with displacement of the crack surfaces in the direction of the
applied normal stress.
Mode I
Opening
Figure 9 - Mode I of crack propagation [33].
KQ is defined as:
K = uao -' (1)
where a is the external tensile stress, a is the crack depth and a is a geometrical
correction factor that depends on the crevasse geometry.
Since ice cannot withstand a large tensile stress, when the stress reaches a critical value
at the tip of the crack, a fracture extension occurs. When the tensile stress at the tip
reaches the critical value, the stress-intensity factor reaches a critical value as well, KIc,
called fracture toughness. The crevasse extends its length to reduce the stress-intensity
factor and the stress at the tip: in fact for an opening tensile stress in the plane of the
crack across the crack tip,
a = K/N2-r (2)
where r is the distance from the crack tip.
The theories tend to look either at the KIc, beyond which an unstable crack propagation
occurs, or at the length of the crevasse at which KQ is equal to zero (therefore the final
depth of the crevasse at the end of the crack propagation).
2.3.3. Single Crevasse:
The loads acting on a single crevasse can be represented by the following sketch [Figure
10]:
Figure 10 - Load acting on a glacier crack,[30].
The sketch assumes that the tensile stress is constant along the depth, while the water
pressure and the overburden ice pressure vary linearly with depth.
According to the principle of superposition and without considering water in the
crevasse, the expression for the stress-intensity factor is, [30]:
2
K = 1.12o t - 0.683pigal
This expression considers the crevasse extending in an infinite half-plane. Assuming
common values for the parameters (pi = 0.92x10 3kg m-3, g = 9.81 m s-2 and at = 2x10 5N
m-2), the depth of the crevasse is about 36 m.
If the finite thickness of the glacier is considered, a geometrical factor has to be
introduced in the expression of the stress-intensity factor, [33]. It has been demonstrated
that accounting for the glacier as a semi-infinite plane gives results in agreement with
reality only if the crevasse is shallow. By contrast, the stress-intensity factor increases
with the ratio of the crack length to the ice thickness (d/H) and the difference between
the two methods is exponential. In the following plot [Figure 11 ], the y-axis represents
the factor that accounts for the limited ice thickness; the solid line shows the behavior
for the limited ice thickness solution, the dashed one for the semi-infinite plane solution.
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Figure 11 - K, variation with ice thickness [33].
An additional refinement can be added to the expression of the stress-intensity factor if
the real density profile near the surface is considered, [27]. This improvement accounts
for the fact that the density of the firn is much lower than that of solid ice. For a
specific site (i.e. the Ronne Ice Shelf) the density has been modeled as a polynomial
function of depth after representing its profile [Figure 12] from measurements from
different depths test specimens. After that, the total horizontal stress acting on the crack
has been written as:
ax(y) = ax(O)- g f p(y)dy (4)
while the stress-intensity factor is:
K, = co V Z C. an (5)
where ox has been written as a polynomial of order n. The equation does not account for
the ice thickness but it is an improved version of the semi-infinite plane solution. The
behavior of the stress-intensity factor is plotted in Figure 13. Three values of ao have
been represented in solid lines; the critical stress-intensity factor from laboratory data
has been plotted in the dashed line. KI, divides the plot in two areas; on the left part the
crevasse is stable. When K1 is greater than its critical value, the propagation of the crack
is unstable. According to the surface state of stress, if the crack length is long enough to
raise the KI above K1c, it will propagate to a depth of about 40 - 60 m. This result is
much larger than the one obtained from equation (3) for the same stress level. Although
equation (5) represents an improvement to the first one, crevasses deeper than 40 m
have very rarely been observed.
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Figure 12- Ice density vs depth, [27].
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Figure 13 - Stress Intensity factor vs Crevasse penetration depth in case of ice density variable
with depth, [27].
An additional calculation of the KI has been performed that accounts for both the ice
thickness and the density profile, [33]. The density has been modeled as:
p(b) = Pi - (Pi - Ps)e -c b  (6)
where pi is the density of the ice (0.92x10 3kg m 3), psis the density of the firn
(0.35x1 03kg m 3), C is a site constant and b is the depth below the surface of the glacier.
The change in density reduces the effect of the overburden ice pressure on KI. This
effect is much larger for shallow crevasses. Therefore the effect of the ice thickness on
the net K1 is small: even if the geometry factor increases KI, the decreasing effect of the
fimrn density on the overburden pressure tends to balance the final result.
2.3.4. Water-filled Crevasse
The solution for a semi-infinite plane can be obtained equating to zero the following
expression for KI, [30]:
3 3
K = 1.12 at + 0.683 p,w g(a - 1)i - 0.683 piga- (7)
where 1 is the water level in the glacier. The following plot [Figure 14] shows the
crevasse depth for different levels of water in the fracture. When the crack is filled to
94.6%, it extends to the bottom of the glacier. Weertman found similar results
approaching the problem modeling the crevasse with a distribution of an infinitesimal
edge dislocation.
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Figure 14 - Crevasse depth for different levels of water in the fracture [30].
Another solution that accounts for the finite ice thickness and for the density profile (the
superficial density is set at the value Ps= 0.85x10 3kg m 3 higher than the firn density
because in melting glaciers - such as the ones characterized by water filled crevasses-
the low-density firn tends to be ablated), shows that the most influencing parameter on
the KI is the water height in the crevasse, [33]. In the following plots [Figure 15], this
relationship is presented for shallow and deep ice thicknesses (H). The labels represent
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the water level: if it drops from 10 to 20 m (the crevasse is less filled with water), KI is
negative for a wider range of depths. This effect means that the crevasse is closed and
the opposing effects of the overburden load and the water pressure are balanced.
Beyond the minimum K, value, the water pressure is higher that the overburden load
and it tends to open the fracture. On one hand a sufficiently long fracture (longer than
10 - 20 m), under a tensile stress of at least 100 kPa and filled with water, can reach the
bottom of the glacier if the initial decrease of K is always more than Kc. On the other
hand, if K becomes less than KI, the crevasse remains closed.
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Figure 15 - Stress intensity factor vs water height in the crevasses for shallow (left) and deep
(right) ice thicknesses, [33].
2.3.5. Fracture Toughness
Fracture toughness is defined as:
mlc= oa c
and represents the critical value of K beyond which the crack starts propagating
unstably. This parameter is obtained through lab testing; the most relevant tests to get
KIc are the three-point bend method and the modified ring test.
The first one assumes the linear elastic behavior of ice. The fracture toughness is
measured at the peak load (since Kic is constant with ac). Results from lab-prepared ice
1
gave Kc equal to about 0.2 MPa mt, [11 ], [27].
In the modified ring test, [11 ], Kjc is the maximum value of K1 in the curve of the stress-
intensity factor against time. The critical KI is found in correspondence of a minimum of
the axial load that occurs when the extension of the fracture is the critical length, ac.
This load is then used in a numerical simulation to calculate the behavior of K against
ac. The peak of this curve is the fracture toughness. From this test on synthetic ice,
1
values of about 0.46 MPa m2 have been found. The wide difference in the data between
the tests could be due to the ice-sample preparation.
2.3.6. Penetration Depth of a Single Crevasse
Considering the ice thickness as infinite and the density profile constant with depth, the
final crack depth obtained equating the K to zero, is [30]:
a = 1.64 t (9)gPi
This result gives, for common values, an average depth of 36 m. Since this expression
comes from imposing the stress-intensity factor as equal to zero, the underlying
assumption is that crevasses can exist for each value of the tensile stress.
In a subsequent theory, [33], the penetration depth has been obtained equating KI to Kc
and accounting for the change in density along the depth of the glacier and for its finite
thickness. The results are shown in the following plots [Figure 16] and are compared to
the other theory as well. H represents the ice thickness, (two values have been chosen:
H=500 m for a shallow glacier, H=2500 for a deep one), the labels indicate two
1
different values of ice fracture toughness in MPa m-, the dashed line is the equation (3)
solution and the thin line is the solution that does not account for the change in density.
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Figure 16 - Stress intensity factor for different ice densities and ice thicknesses, [33].
As shown above, considering the variable firn and ice density gives much deeper
fractures.
Water-filled crevasses reach the bottom of the glacier according to their water
percentage or water level. Following is a plot [Figure 17] of water-free and filled
crevasses' depth against KI for limited ice thickness and variable density.
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Figure 17- Stress Intensity factor vs water-free and filled crevasses' depths, [33].
The dashed vertical lines represent lower and upper boundaries of the fracture
toughness. The solid line shows a water-free crevasse's depth behavior. dm is the
maximum depth a water-free crevasse can reach: it is a stable solution since an increase
in depth leads to a lower KI and therefore to the closure of the deeper part of the
fracture. On the other hand, a decrease in depth leads to a higher KI that again produces
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the opening to the same depth. The dashed curve describes the behavior of an initially
water-free crevasse that is filled with water at a depth of 15 m; it also accounts for the
firn layer. In this case, the depth increases to the bottom of the glacier.
Finally, the thin line illustrates a water-filled crevasse without the upper firn layer (as
said before this is in most cases a correct assumption). The higher overburden pressure
tends to decrease KI, contrasting the effect of water pressure. If the tensile stress is
higher and the water level is closer to the surface, K remains much larger than the
fracture toughness, the curve shifts to the right and the crack reaches the bottom of the
glacier.
2.3.7. Equally-spaced Parallel Crevasses
Assuming a field of equally spaced and deep crevasses in an infinite thick glacier, the
KI obtained is much less (about half) than the one calculated for a single crevasse. This
effect, called "blunting", is produced by the fact that there is no large stress
concentration at the tips of the crevasses and that there is no tensile stress in the small
slab between two fractures. Therefore a much higher tensile stress or a higher water
level would be needed to lead to deeper penetrations.
2.3.8. Three-point Bend Method and Modified Ring Tests
The three-point bend method tests the ice fracture toughness. As illustrated [Figure 18],
the specimen rests on two supports and a notch is cut at the centre of it. A compressive
load is applied through a device that produces tension in the sample. The load makes a
crack develop from the notch root. At peak load, when the stress-intensity factor as a
function of crack length is minimum, the fracture toughness is evaluated. The test is
usually performed on synthetic ice therefore the effect of the grain size could
significantly affect the results.
Figure 18 - Three-point bend method test, [27].
The modified ring test is a variation of the Brazilian test, [11]. The specimen is
cylindrical, two opposed surfaces are flatted and a hole is drilled in the center of the
sample [Figure 19]. A compressive load applied on the flat surfaces, initiates cracks at
the bottom and top of the hole that propagate in the direction of the load application.
The compressive load against time is recorded during the test: the crack length and KI
increase. The maximum KI is reached in correspondence of a load decrease when the
crack starts propagating unstably. Kmax corresponds to KIc. Performing this test, it was
possible to highlight the dependence of Kc on various parameters: with increasing
porosity the fracture toughness decreases while it increases with small grain-sized ice.
The advantages of this test are mainly that loading rate effects are avoided because KI,
is measured at the crack tip when it passes from stable to unstable therefore there is no
time for creep deformation. In addition, the fracture toughness is measured only when
the crack has extended beyond the area of the specimen influenced by the hole where
most creep deformation is concentrated. In addition, when Kc is measured, the crack is
sharp enough to give an exact estimate of the tensile load at which failure occurs.
Lvtw
Figure 19 - Modified ring test, [11 I].
2.3.9. Conclusions
Comparing the above presented theories for a single crevasse, the penetration depth
results are very different depending on whether or not the ice thickness and density
profile are considered. In Figure 16 the various theories are compared: it can be clearly
seen that accounting for the density profile leads to deeper lengths of the crevasses. In
addition, equating equation (3) to zero in order to obtain the final length does not seem
to be correct. Indeed, this procedure is implicitly assuming that a crevasse can be
generated for every tensile stress field. Equation (3) gives results comparable to the
other theory (that considers both ice thickness and variable density), only for small
values of the tensile stress at which the opposing effects of finite ice thickness and
density profile on the stress-intensity factor balance each other.
The estimated penetration depths for water-filled crevasses are also very different if the
ice thickness and density are considered but the crucial parameter is represented by the
water level [See Figure 15]. The ice thickness assumes a secondary role and becomes
relevant only from a depth equal or greater than 100 m. Again, the solutions represented
in Figure 15 stress the importance of the fracture toughness and therefore of the tensile
stress on the crevasse opening.
Finally, despite the uncertainties on the fracture toughness (see the range represented by
the vertical dashed lines in Figure 17), the theory developed by van der Veen seems the
most complete and realistic.
The importance of the fracture toughness and of its determination is fundamental in
order to predict the correct penetration of a crevasse in a glacier. This parameter has
been obtained from synthetic ice samples in most cases, giving therefore rough estimate
of its actual value. Nonetheless, the modified ring test presents big advantages and is
giving good hopes in the understanding of the ice strength.
2.4 Data
Meteorological and Flow data are recorded in the Ays6n region by Direcci6n General
de Aguas. In 2005 the agency could rely on 33 flow measurement stations (10 of these
33 transmitted information via satellite), 36 meteorological stations, 19 stations that
record water quality, 7 that record sediment load, 4 for lake levels. Unfortunately, not
all of the data recorded in these stations are available for researchers. In addition, due to
the scarce accessibility of the Rio Baker watershed, very few instruments are installed
and subjected to continuous maintenance. For this study, the data recorded by only 4
stations have been available [20]. Therefore in this section other researchers' results
have been considered. In particular, Andr6s Rivera [28] and Claudio Meier's work have
been very useful.
2.4.1. Temperature Data
The research conducted by Andr6s Rivera on the Glacier Chico in the Southern
Patagonia Icefield, led to an analysis of the temperature trends in the whole region.
Even if no significant trends could be discovered in the Western meteorological stations
(Puerto Ays6n's stations), significant trends can be appreciated in the Eastern ones (the
closest to the Colonia Glacier are Balmaceda, Cochrane, Coyhaique, Lago Argentino) .
One of the most reliable stations is Balmaceda (450 55' S, 710 40' 60" W, 524 m m.s.l.)
that has been recording data since 1960s. Figure 20 shows the resulting trend for the
mean temperatures:
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Figure 20 - Balmaceda recorded temperature data, [28].
The squares show the mean annual values. The thick line shows the values produced by
an exponential smoothing filter that has been used to better interpret the series. A
warming trend can be observed of at least half a degree from 1961 to 1990.
Another station that is located quite close to the Northern Patagonia Icefield and that
shows a warming trend is Cochrane (470 15' 17" S, 720 34' 30" W, 167 m m.s.l.).
Rivera highlighted a significant temperature increase in the mean annual values.
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Figure 21 - Cochrane recorded temperature data, [28].
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The trend is even more evident than in the foregoing plot (Balmaceda).
Finally another increase can be noticed in the mean annual temperatures recorded at
Lago Argentino (500 13' 46" S, 72' 20' 56" W, 187 m m.s.l.), from 1961 to 2001.
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Figure 22 -Lago Argentino recorded temperature data, [28].
Figures 20 to 22 demonstrate that the Ays6n region has been subjected to a warming
trend in the last decades. Even if for smaller time windows (for instance, in the last 5
years), this trend is almost impossible to recognize, this wider analysis confirms the
process that is affecting the NPI. Given that the glaciers are structures particularly
sensitive to temperature (especially the temperate ones), these trends can easily explain
the increase in the icefield melting rate.
2.4.2. Precipitation
Although no systematic trends have been observed in the precipitation data in the Aysen
region, values are decreasing in comparison with precedent series. The following plots
show the trends for the Eastern stations that are the most significant for this study since
they are the closest to the Colonia Glacier.
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In Coyhaique, (450 33' S, 720 2' W, 310 m m.s.l.), the 1990s annual precipitation is
estimated to be about 130 mm less than the 1950-2000 average.
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Figure 23 - Coyhaique recorded precipitation data, [28].
A reduction in the total annual values is also evident in the Balmaceda series:
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Figure 24 - Balmaceda recorded precipitation data, [28].
Recorded data in Cochrane do not show a particular trend but recent values are clearly
below the average:
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Figure 25 - Cochrane recorded precipitation data, [28].
Precipitation is a relevant parameter for glaciers since it represents a source of accretion
for the ice mass. In temperate glaciers an extremely delicate equilibrium regulates the
glaciers advance and mass. During the warm seasons, glaciers melt and shrink. In
winter, precipitation contributes to create new ice that balance the losses occurred in
summer.
From the previous analysis it can be easily inferred that NPI will continue to recede
given the increasing temperature trends and the decreasing precipitation.
2.4.2. Flow data
According to the previous section, NPI glaciers are shrinking and probably are
shrinking more than in the past.
As a consequence of the increased melting, increasing flows should be recorded as well.
A confirmation of this hypothesis comes from the discharge data recorded at Rio Baker
en Angostura Chacabuco station. This station has been chosen since it is one of the most
reliable ones, the series were continuous over a long period of time even if only the
mean values are available.
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The plot shows the mean values from 1975 to 2009:
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Figure 26 - Rio Baker en Angostura Chacabuco discharge data.
Although no continuous trend is visible in the plot, the discharge has increased since
2000, which represents the years before the first outbursts occurrence
An explanation for this behavior could be that the combined action of temperature and
precipitation has been operating for the last decades but is showing its effects only in
most recent years.
2.5. GLOF Mechanisms
Glacial outbursts in Patagonia are the result of processes that started a long time ago.
Temperature data illustrates that warming began decades ago; precipitation decrease is
also taking place since some decades. The results of these trends are visible in the flow
data that shows an increase since 2000 and from the estimation of the Colonia Glacier
shrinkage rate, that is evaluated to be approximately equal to 4 meters/year, [26]. The
response time of flows and glaciers is therefore delayed in comparison to temperature
trends.
Essentially, temperature increase and precipitation decrease have acted on the NPI
system slowly and without evident effects for decades. These driving forces have acted
in many different waves on the glaciers. Firstly, temperature increase has emphasized
the melting magnitude and rate. This effect has been even more stressed by the
precipitation decrease that has provided the glaciers with less ice mass. Increased
melting has allowed the propagation of fractures through the glacier. The water is stored
in Lago Cachet 2 until the water pressure is greater than the ice overburden. To decrease
the excess water pressure, the water flows through the channel system until the lake is
empty.
This phenomenon never happened until 2008 (at least at Lago Cachet 2). Since April
2008, four events occurred in less than one year. Figure 27 depicts the peak discharge
of these events against the time interval.
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Figure 27 - Lago Cachet 2' GLOF frequency.
The frequency of the outbursts has increased exponentially in this year, even if the
magnitude has remained constant [7], [20]. Therefore the melting rate seems to be
increasing, at least during the summer.
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Figure 28 - GLOF events timeline.
In conclusion, GLOF phenomenon seems to act as presented schematically in Figure 28.
No events occur until a certain time. In the meantime many factors prepare the basis for
future outbursts. Once the first outburst occurs, a period begins in which they continue
to happen at an increasing frequency. It is not entirely clear why the frequency
increases. This phenomenon is probably related to a number of factors like the
temperature increase during the summer and the enlargement of the tunnel (that is
almost certainly enlarged at every new outburst). The end of the outbursts is reached
when the water has eroded a permanent channel below the glacier and therefore there is
a continuous passage of the fluid between Lago Cachet 2 and Lago Colonia.
It is hard to predict the exact time at which the steady state will be reached. Further
studies, based on more precise data, could help in predicting future scenarios.
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3. Modeling
In this chapter the factors that produce a glacial outburst are modeled. The objective is
to give a simple scheme of how all the parameters are interrelated.
Firstly, the causes of the outbursts are investigated and explained. Therefore, a simple
analytical model that relates the factors that produce the outbursts, is presented and then
applied to the specific area of interest, Lago Cachet 2.
Because lake temperature is an important variable governing outbursts, the chapter
concludes with a temperature model of Lago Cachet 2.
3.1. Melting
Currently there is no instrument to estimate the volume of melting of the NPI. The
shrinkage rate of the Colonia Glacier is estimated to be approximately 4 m/y [26], but
few data are available to support this estimate. There is also uncertainty regarding the
geometry of Lago Cachet 2 and its water level before each outburst.
A rough estimate of the water released during a GLOF is possible considering the
excess outflow registered at the Rio Baker stations. "Rio Baker bajo Rio Colonia" is the
closest station to the Colonia glacier and it registers the discharge that is added to the
Rio Baker from its tributary, Rio Colonia.
Integrating the excess flow of the last GLOF events over time, an approximate
estimation of the melted volume is given. It has to be noted that sometimes the station
has discrepancies in the data and therefore these numbers can give only a rough
estimate of the flow magnitude.
Table 1 gives the integrated volume for the 2008 and 2009 GLOFs:
Table 1- Integrated volume for 2008 and 2009 GLOFs, [20].
Month Integrated Volume
April 2008 0.200
October 2008
December 2008 0.124
March 2009
Since Lago Cachet 2's volume is estimated to be 0.23 km3, the station records seem to
give lower volumes. One reason for this result could be that the flow data includes gaps
and uncertainties. Another reason could be that the volume of the lake is not entirely
and immediately released into the Rio Baker but it floods the Rio Colonia's valley and
probably contributes to a small increase in the Lago Colonia's level. Indeed, even if the
increase in Lago Colonia's level has been neglected in this study, it certainly stores part
of the water. Finally, the big differences in the data - the April 2008 volume is almost
equal to the lake volume, while the other months present much smaller values -- is
confirmation of the uncertainty of the station records.
The crucial factor in the melting process is temperature. It acts on the system in two
different ways. First of all, the air temperature melts the glacier and the water is
collected in Lago Cachet 2. Secondly, air temperature raises the lake water temperature.
This factor is particularly relevant since increasing water temperature enlarges the
fractures present in the banks of the lake. Larger fractures, in turn, allow the water to
flow through them more readily and to form an actual tunnel throughout the glacier
until the tunnel reaches its snout. When an outburst takes place, the water temperature
in the tunnel increases due to the friction produced by the turbulent flow. This
phenomenon enlarges more and more the cross-sectional area of the channel and allows
more water to flow. The final result is an increase in discharge.
In the following sections, the influence of water temperature is analyzed in detail.
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3.2 Peak Discharge Prediction
In this section a model is applied to Lago Cachet 2 in order to simulate and predict the
GLOF peak discharge. Peak discharge is of major concern for the dam construction and
for the safety of the downstream area. Abrupt flow increases could indeed produce dam
overtopping or breaches.
The model does not identify a threshold lake water level for the outburst to occur. Given
the beginning of the phenomenon, the discharge at the outlet of the lake is estimated.
Some assumptions have been necessary to develop the calculations. In particular, very
poor information was available about the lake geometry, levels and the morphology of
the tunnel. A fundamental source of data has been the direct observation and pictures of
people who have crossed the lake.
3.2.1. Modified Clarke's Model
Clarke's model represents an evolution of a previous model developed in 1976 by Nye,
[23], to predict outbursts' peak discharge in Iceland. Nye studied a subglacial lake in
Iceland that used to empty every ten years releasing a huge quantity of water. Nye
started to better analyze the problem since the outbursts' frequency tended to increase
while the discharge remained stable.
In Nye's model the subglacial lake is drained by a subglacial channel system; the water
flows from the icecap directly into the ocean. One of the main aims of Nye's research,
was the role of the channel system in the total peak discharge. He identified two
contrasting forces acting on the tunnel: the pressure of the water that flows into it from
the lake and the overlying glacier pressure. The water pressure tends to enlarge the
tunnel due to the frictional heat that is developed by the turbulence of the flow. The
overlying glacier acts with its weight on the tunnel and tends to close it by deforming
plastically.
Both models are based on some assumptions about the tunnel. It is thought to be
completely filled with water and the changes in its section are governed by the
thermodynamics of the processes illustrated before. To account for the shape of the
tunnel section, Nye introduced the following parameter:
N = 'p2/3 Pw g n'2 (10)
where pw is the water density, g is the acceleration of gravity, n' is Manning roughness
coefficient and P is a shape factor whose expression is:
S (11)
where S is the tunnel cross-sectional area and R is the hydraulic radius. lP is equal to 4w7
for a circular section and is approximately equal to 15 for an elliptical section (when the
minor axis is half the major axis).
Clarke's model [6], consists in solving the following equations:
Tunnel Geometry.
as mas m - KoS (pi - p)n,at p
Continuity:
P < Pi
as m aQ
at pw as
(12)
(13)
Energy conservation.
Q -as - pS c = mL + mc,(8, - Oi) (14)
Heat transfer:
0.205 7 QS72 4/5 k,(O, - Oi) = mL + mc,(0, - 8,) (15)
where m is the melting rate of ice at tunnel wall, [22].
In addition, the empirical Gauckler-Manning formula relates the tunnel cross-sectional
area and the fluid potential gradient to the water discharge:
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Q S= l/(aqa) 12  (16)N12
where the expression for the fluid potential gradient is:
a= a Pwgz + p) (17)
Clarke's model introduces a dimensionless formulation to estimate the peak discharge
of the lake. The tunnel cross-sectional area, the water depth, the lake volume, the
discharge and time are all divided by characteristic values of these parameters and
therefore become dimensionless. (For further details on how all the parameters are
normalized see [6]).
Two dimensionless quantities are then defined that account for the two effects acting on
the tunnel: the "tunnel closure parameter", a and the " lake temperature parameter", f.
The "tunnel closure parameter", a, is described by:
KoN1/2pn(piL)4/3
a = Vo0 /3(_p/as)/6 (18)
where Ko is a constant defined by Nye and related to the flow law, pi is the glaciostatic
pressure, pi is the ice density, L' is the effective latent heat of fusion for ice, Vo is the
dimensionless lake volume and is the fluid potential gradient.
The "lake temperature parameter", fl, has the following expression:
p = 0.205 p 2 / 3 ( 4/5 N13/0 k( - 8) (19)(Nafp/as71/277)kT(6Y -S) 1) (19)
where r is the viscosity of water, kw the thermal conductivity of water and 0, and 6i
are respectively the lake and the ice temperature.
From the introduction of these quantities, equations (12), (13), (14) and (15) can be
simply written as:
dS= S*4/3 + -S*2/3 _ aS*[1 - V*(t*)M]n (20)
d = _S*4/ (21)
M is the reservoir geometric parameter. It can be easily estimated either from the
hypsometric curve of the lake or from empirical relations. n is the flow-law exponent,
[14].
A common assumption that is introduced by Nye and confirmed by Clarke is that the
melting in the tunnel due to the flowing of the water is so fast that the rate of plastic
closing is negligible in comparison. This hypothesis is based on the fact that the plastic
contraction is relevant at the earliest part of the flood, and after the peak of the flood.
Therefore it is legitimate to neglect this factor during the flood. A simple expression for
the maximum discharge can then be found if a is equal to zero and 13 assumes high
values:
QMIAX = (22)
The actual magnitude of the flood can be obtained by multiplying Q*Ax by the
dimensionless Qo.
3.2.2. Application of Clarke's Model to Lago Cachet 2
The first assumption introduced in modeling Lago Cachet 2's outbursts is that the
plastic creep closure of the tunnel during the flood is negligible. Therefore the
parameter a is set to zero and the dimensionless equation to solve is:
dS* = S*4/3 + PS*2 /3 (23)
dt*
where the "lake temperature parameter" is the only factor that influences the cross-
sectional area of the tunnel.
Many assumptions have been made regarding the geometric parameters since very poor
information was available.
Manning roughness coefficient, n', has been set to 0,1 m-1/3s. This value has been
chosen accordingly to the model proposed by Nye and Clarke, [6], [23]. Other studies
cited by Clarke [6], support this choice even though this value represents a very rough
tunnel. According to Nye, a high Manning roughness coefficient represents some
factors that are not taken into account in the model. Some of these include the fact that
several tunnels of non-circular cross-sectional area drain the lake instead of a single
circular channel. In addition, water transports sediments and boulders into the tunnel
which increases n'.
The cross-sectional area of the tunnel has been assumed circular as a first
approximation. In the results (Section 4.2.1.4.), other shapes are presented. Note that an
increase in the Manning roughness coefficient is indistinguishable from a change in the
cross-section's shape.
Water temperatures have been estimated through a temperature model for the reservoir.
Summer lake water temperature, according to the results of the temperature balance
model, varies in a range from 4 'C to 8 oC. The results (Section 4.2.1.), present model
sensitivity to these parameters.
Scant data are available regarding Lago Cachet 2's geometry. A few documents based
on aerial photography, written immediately after the outbursts, have estimated the
volume of the lake to be approximately equal to 0.23 km3, its area equal to 5 km2 and
the length of the channel equal to 8 km. Maximum water level has been evaluated to be
46 m, [4].
3.3 Temperature Model
No data was available on Lago Cachet 2's water temperature nor on the local air
temperature. The most recent temperature records and also those closest to Lago Cachet
2 were recorded at the Rio Baker en Angostura Chacabuco station and at the Rio
Cochrane station. This data provide very poor knowledge about the actual air
temperature in the Colonia Glacier due to the large difference between the elevation of
the stations and of the NPI.
Water temperature is the most important parameter in the modified Clarke's model so it
has been necessary to develop a model that tries to estimate the lake's temperature
balance over the year. In order to build the model, data regarding the solar insulation,
atmospheric radiation, cloud cover, wind speed and relative humidity are required in
addition to the air temperature data. These data have been obtained in a report about the
Climatic Characterization of the Aysen region that was drawn up in 1979, [32].
This section presents firstly the temperature model and subsequently the assumptions
and models that have led to the selection of the parameters.
3.3.1. Lake temperature balance
The main objective of this model is to predict Lago Cachet 2's temperature at the
beginning (and therefore during) an outburst. In order to predict this temperature, the
various sources of heating and cooling on the reservoir have been considered, including:
* Water produced by the melting of the glacier and flowing into Lago Cachet 2. It has
been assumed that this water's temperature is approximately 00C.
* Surface heat exchange. This flux represents the influence of the local air
temperature and other meteorological variables on the lake water temperature. The
air temperature tends to be higher than O0C degrees, especially in summer when the
outbursts occur, so, this factor increases Lago Cachet 2's temperature.
* Thermal exchange with the bottom of the lake. In this model, it has been assumed
that the bottom of Lago Cachet 2 is completely covered by ice and that this ice never
melts completely. This hypothesis is supported by aerial pictures of the lake. Since
the bottom ice temperature is equal to or even less than 00C degrees, this flux tends
to lower the lake temperature subtracting heat from the water and releasing it to the
ice.
When no outbursts occur, Lago Cachet 2 is a closed system and there is no outlet to
discharge water out of the reservoir.
The model consists of a thermal energy balance of the water. The change in thermal
energy of the whole lake is equated to the fluxes presented above with their appropriate
sign:
d(VT)
p dt = pcQinTin + Osurf netAs - Obottom iceAb (24)
where the surface area, (As), has been considered equal to the bottom area, (Ab), and the
surface and bottom heat fluxes have been linearized:
Osurf.net = ks(Te - Tw) (25)
Obottom ice = kb (Tw - Tice) (26)
The equilibrium temperature (Te), and the surface heat exchange coefficient (CSHE)
(ks), have been evaluated for each month of the year using data from Caracterization
Climatica, [31].
The specific heat capacity of water at constant pressure is taken as 0.998 cal/goC at
20'C degrees.
kb represents the bottom exchange conductivity that has been estimated to be equal to
4.64 W/m 2K. More details about this coefficient are provided in Section 3.3.3.
The model integrates the thermal energy equation (24) using steps of one day implying
that the lake receives a constant discharge of water from glacial melting each day. This
water contributes to an increase in lake water level and volume. From aerial
photography Lago Cachet 2 appears quite flat and with sloping shores. The shape of the
lake has been modeled both as a rectangular prism and as an ellipsoid. In the first case,
the area is maintained constant which exaggerates surface and bottom heat transfer,
relative to inflow, at early steps. On the other hand, if the lake is modeled as an ellipsoid
the area increases at each time step.
GLOFs occur during the summer, and their frequency appears to be increasing.
Accordingly the model has considered two time windows between GLOF events: 45
days and 60 days. The model evaluates the temperature change for each day of the time
windows due to the various temperature influences, [9]. At the end of the 45 or 60 days
window, the final lake temperature is obtained. This value is then used in the modified
Clarke's model as the input lake temperature, which influences tunnel enlargement and
hence the outburst's peak discharge.
3.3.2. Surface Heat Exchange
The temperature model includes the flux of heat due to atmospheric warming, which is
expressed as:
Psurf .net = ks(Te - Tw) (27)
where ks is the surface heat transfer coefficient and Te is the equilibrium temperature.
These parameters are function of the insulation, atmospheric radiation, cloud cover,
wind speed, relative humidity and air temperature, [1]. Rather than computing Te and ks
by approximations such as those employed by Edinger and Geyer [10], 'Osurf.net is
found from the algebraic sum of five separate fluxes, and then the two parameters are
found by linearization:
* Net solar radiation
* Net atmospheric radiation
* Back radiation from the water surface
* Evaporation heat flux
* Conductive heat flux
Thus:
surf .net - sn + (pan - (Pbr - e --Ic (28)
Each term is briefly discussed below.
3.3.2.1. Net Solar Radiation
This term accounts for thermal energy from the sun's radiation that reaches the lake
surface - as influenced by the fraction of the sky covered by clouds (C ), and reflection
from the water surface (assumed to be 6% of the incident radiation). This is represented
by the model as:
Psn = 0.940sc(1 - 0.65C 2 ) (29)
where Psc represents the clear sky solar radiation and is a function of the latitude and of
the month. The graph from Hamon et al., [16], has here been used to obtain Psc.
3.3.2.2. Net Atmospheric Radiation
This term considers radiation from atmospheric water vapor, carbon dioxide and ozone
of energy from the sun that has been re-radiated at longer wavelengths. It is a function
of the average emittance of the atmosphere (that is a function of the air temperature), of
the air temperature and of the cloud cover.
Pan = 0.97Ea(Ta + 273)4(1.0 + 0.17C2) (30)
where a is the Stefan-Boltzman constant (5.7*10 s W/m 2K4). In this model the
emissivity is taken from the formula by Swinbank, [31].
3.3.2.3. Back Radiation from Water Surface
This accounts for the amount of radiation that is re-reflected back from the lake's water
surface, and is given by:
@br = 0.97a(T + 273) 4  (31)
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3.3.2.4. Evaporative Heat Flux
This is a function of the wind speed and the air temperature and relative humidity,
which are used to compute the atmospheric vapor pressure e2. The formula by Marciano
and Harbeck (1954) has been used:
e = 3.72W(es - e2 ) (32)
where es is the saturation water pressure, that is a function of water temperature, salinity
and altitude. W2 is the wind speed measured at a height of 2 meters from the surface,
and e2 is the vapor pressure at a height of 2 meters from the surface; es is compute from
the air temperature at the water surface:
es = 33.9exp [17.62 - 5278 ] (33)(Ta+273.2)]
where the air temperature Ta is set equal to the water temperature, while e2 is computed
from air temperature and relative humidity:
e2 = es(Ta) RH (34)
where RH is the relative humidity, expressed as a fraction. Note that these equations
ask for wind speed and relative humidity at an elevation of two meters above a water
surface, but the location and elevation of the available meteorological data are
unknown.
3.3.2.5. Conductive Heat Flux
This represents the sensible heat flux and is related to the evaporative mass flux [2]:
P = Rb e (35)
where the Bowen ratio Rbis:
(Ts -Tz)
Rb = b(es-ez) (36)
where Cb is a constant, Tz is the air temperature at height z, es is the saturation water
pressure of water at T (saturation temperature) and ez is the vapor pressure of air at
height z.
3.3.2.6. Te and ks
Once all the fluxes have been estimated, they are summed algebraically according to
equation (28). The net flux is then plotted against the saturation temperature for each
month of the year. The curve obtained is interpolated by a line whose slope is ks and
whose intersection with the x-axis is Te. Figure 29 is an example for the month of
January.
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Figure 29 - Net flux for January.
This procedure has been repeated for all the months of the year. January presents the
higher value of temperature while the highest ks is obtained in December. Table 2
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displays all the values obtained from this surface heat exchange analysis. In the
estimation of the maximum peak discharge with the modified Clarke's model, the
values obtained for the month of January have been considered.
Table 2 - Te and ks for all the months of the year.
Month Te ks
January 14.57 40.4
February
March 10.67 42.93
April
May 4.49 25.19
June
July 1.22 16.57
August
September 6.36 45.97
October
November 11.03 60.68
December
3.3.3. Turbulent Conductivity
kb represents the heat transfer coefficient form the lake water to the bottom ice. No data
about the temperature, stratification and turbulence of Lago Cachet 2 was known.
Therefore, a previous study by Haugan and Alendal [17], has been used to estimate the
coefficient. Haugan and Alendal's research was about the turbulent diffusivity from a
CO 2 lake at the bottom of the ocean.
The turbulent diffusivity, (vi), regulates the heat exchange between the deepest layer of
the lake and the bottom surface of the lake. In the absence of turbulence from other
sources, mixing can potentially be generated by internal wave activity (IW) and shear
instability (ShI), whose effects can be added:
Vt = Vtw+ sh' (37)
Vt sh is a function of the Richardson number (that represents the importance of
buoyancy in the lake relative to current shear):
OP R 1 > 0.7
Vt sh = . 10 - 1 - ) < Ri < 0.7 (38)
5.10- 3,  Ri < 0
In this case, the Richardson number (Ri), has been assumed to exceed a critical value of
0.7, and flow is considered to be buoyancy-driven, in which case v sh is equal to zero,
leaving:
v = V1w  (39)
t Vt
where v~lw is set equal to 5*10 -5 m2/s.
kb is obtained multiplying v l w by the water density and by the specific heat capacity of
water at constant pressure and then dividing by water depth. This produces a value of
4.64 W/m 2K. This value has been used in the temperature model's simulations.
Sensitivity analysis of the lake temperature to this parameter are presented in the results
section.
4. Results
In this chapter the results of the modified Clarke's model will be presented. At first, the
estimated parameters for Lago Cachet 2's geometry and temperature will be considered
as inputs of the model and the output will be analyzed. Secondly, a sensitivity analysis
of the model to its inputs will be presented.
Since the lake water temperature is a crucial parameter for the modified Clarke's model,
the temperature balance model for Lago Cachet 2 has been developed. In this section,
the influence on model results of the various temperature inputs will be illustrated. This
analysis will give an idea of the reliability of the temperature balance.
4.1. Temperature Model
In the following section the sensitivity analysis of the temperature balance model is
presented. All the inputs of the model are varied and their impact on the final lake
temperature is plotted.
4.1.1. Lake Shape
Two basic simulations have been made: one assuming a lake with a uniform
rectangular cross-sectional area and one with a circular one (elliptical volume). In the
former case, the surface area remains constant throughout the time window and
therefore the flux due to surface heat exchange is exaggerated during the initial time
steps. If the lake is modeled as an ellipsoid, its volume is:
V = (Hh2 - (40)
where R is the radius of the lake surface, H is the maximum depth of the lake and h is
the coordinate along the vertical axis of the ellipsoid. The radius of the lake surface is:
-3 (41)
and the area of the lake for different of h is:
(42)A = wiR 2 (1 _ (H )
Figure 30 shows the final temperature for both lake shapes.
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Figure 30 - Lake temperature for different lake shapes. Te is the equilibrium temperature.
For a time window of 45 days and the equilibrium temperature, (Te), and a CSHE
estimated for the month of January, the final lake temperature for a prismatic lake is
6.31 'C. The temperature is reached very quickly since the area is equal to its maximum
value even when the water level is very small (and therefore the contribution of the
surface exchange is dominant).
In the same plot, the lake temperature is estimated for a circular area and an elliptical
volume. In this case the final lake temperature is 7.3 'C for the same equilibrium
temperature, CSHE and time window. The final value is slightly different from the one
obtained for the rectangular area since the maximum circular area is larger than the
rectangular one for the same total volume and depth. Modeling the volume as an
ellipsoid leads to more realistic results.
4.1.2. Time Window
If the water is stored in the lake for a longer period of time, during summer, it warms up
giving a higher final lake temperature. Time windows have been chosen as 45 days and
60 days, corresponding to the average intervals between the last outbursts. Considering
a longer interval (for example 6 months as the one between the April 2008 and October
2008 outbursts) would not be representative of the actual situation, since the cold season
probably modified some processes such as the melting and the enlargement of the
tunnel. Figure 31 compares the behavior of the lake temperature for a 60 day-time
window and for a circular area to the temperature behavior for a 45 day-time window.
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Figure 31 -Lake temperature for circular area and 60 and 45 day-time windows.
The final temperature is approximately 8.3 'C degrees, higher than the one for 45 days.
4.1.3. Initial Lake Temperature
The following figure (Figure 32) displays the final lake temperatures obtained changing
the initial assumed lake temperature. In the previous simulation this value has been set
to 00 C degrees since the water comes from the melted ice. Assuming a warmer water,
the solution varies in a very narrow range because the fluxes tend to bring it back to the
usual behavior.
In Figure 32 it has been assumed a circular area and 45 and 60 day-time windows.
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Figure 32 -Lake temperature for different initial water temperatures.
4.1.4. Surface Heat Exchange Parameters
The final water temperature has been estimated for all the months of the year. Of
course, the equilibrium temperature and the CSHE have been varied according to the
month (see also Table 2, in Section 3.3.2.6.). The following table (Table 3) presents the
obtained results.
Table 3 -Sensitivity of the temperature balance model to the surface heat exchange parameters.
Month Te CSHE Twnnal
January 14.57 40.40 7.35
March 10.67 42.93 5.56
May 4.49 25.19 1.72
July 1.22 16.57 0.35
September 6.36 45.97 3.43
November 11.03 60.68 6.74
Even though the equilibrium temperature is lower in December than in January, the
final lake water temperature is higher in this month than in January. This is due to the
fact that the CSHE is higher in December and therefore the heat is exchanged more
efficiently in this month.
4.1.5. Temperature Trend Impacts
Temperature models have predicted a global increase of several degrees over the next
century with a typical prediction being about 3C. The same increment is applied to
Lago Cachet 2's temperature balance model in order to check the peak discharge
response to this trend. Increasing the average temperature for the month of January by
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30C, the correspondent equilibrium temperature becomes equal to 17.3 'C while the
CSHE remains constant. The final lake temperature with this equilibrium temperature
and for a time window of 60 days is approximately 10 'C.
4.1.6. Turbulent Diffusivity
In the previous simulations, the constant kb that regulates the heat exchange between
the water and the ice bottom, has been set to 4.64 W/m 2K. This value has been obtained
with the equation (37) discussed in Section 3.3.3., where the only source of mixing
energy was assumed to be from internal waves (Ri > 0.7). Table 4 compares the impact
of this diffusivity obtained through equations (37) and for different values of the
Richardson number (38), on the temperature model.
Table 4 - Sensitivity of the temperature balance model to the turbulent diffusivity.
Richardson number
0
0.35
0.7
Twfnal
1 468.37 1.10 I
4.64 7.35
The Richardson number assumes low values when the shear production and therefore
the turbulence is particularly high. There is no reason to believe that current shear is
particularly high in Lago Cachet 2, and hence that Richardson numbers would be low,
but this is an area for further study.
4.2 GLOF Peak Discharge
The first simulation is intended as a base case to give a realistic prediction of the actual
flows produced as a consequence of the 2008 and 2009 outbursts. Therefore, the actual
• 
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Lago Cachet 2's parameters have been used. Table 5 illustrates the values for all the
geometric inputs parameters that were found in other sources [4], or were inferred from
aerial photography.
Table 5 - Base case parameters.
Parameter Units Values
Water Level, hw m 46
Manning Roughness
Coefficient, n'
Tunnel Cross-section
Shape Factor, tj
m -s
CSHE, ks W/m'K 4U
Time Window days 45
Since every outburst has occurred in summer or spring, the temperature parameters
obtained from the temperature balance model for this first simulation, are the ones
relative to January. Tw is obtained from the temperature balance model; the
computations are illustrated in Section 3.3.
With these inputs, the simulation gives a maximum excess flow above the baseline of
1,980 m3/s. Considering the hydrograph at Rio Baker en Colonia station during an
outburst, the discharge increase of approximately 2,500 m3/s. (This increase varies
somewhat among the four GLOFs.) Given the big uncertainties in the temperature of the
air and the lake and the very poor knowledge regarding the geometry of Lago Cachet 2,
the model seems to have an acceptable agreement with the data.
Figure 33 shows the relationship between discharge and lake temperature if all the other
parameters remain constant.
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Figure 33 - Discharge vs lake temperature relationship for Lago Cachet 2 according to the
modified Clarke's model.
It can be seen from the plot that a flow of 2,500 m3 /s is associated with a lake
temperature of 10 'C degrees, about two degrees and a half greater than the value
predicted from the temperature balance model (Section 4.1.) and certainly within the
range of uncertainty in the temperature model. Better measurements of lake geometry as
well as the air and water temperature would improve the accuracy of the model.
4.2.1. Sensitivity
In this section every input parameter of the modified Clarke's model has been varied.
The effects are evaluated in terms of their effect on peak flow.
4.2.1.1. Manning Roughness Coefficient
Varying n' from very low and unrealistic values of 0.009 m-1/3s to 0.12 m-1/ 3s, the
discharge decreases [See Figure 34]. At low values of the Manning coefficient, the flow
assumes high values because tunnel friction is reduced, but the lowest values are
unrealistic. The range of values that was used by Nye and Clarke goes from 0.10 m"1/3 s
to 0.12 m-1/ 3s, which gives variation of 87%. Even if the coefficient varies in the right
part of the curve from 0.06 to 0.12 m-1/ 3s, the flow range is very narrow ( from 2000 to
3000 m3/s). On one hand this result does not emphasize the role of the Manning
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coefficient in the estimation of the outburst discharge and this can be positive given the
big uncertainties and difficulties in its evaluation. On the other hand, it makes it difficult
to understand the influence of the roughness on the whole mechanism.
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Figure 34 - Discharge vs Manning roughness coefficient in the modified Clarke's model.
4.2.1.2. Ice Temperature
In this simulation the ice temperature varies from 00 C degrees to -120 C. It is unlikely
that the ice reaches the colder temperatures especially in summer but probably the
shores at high depths are colder than O0C. As shown in Figure 35 as the ice temperature
decreases, the flow increases. A reasonable range for the ice temperature goes from 00C
to -40C. This interval gives a variation of 73% in the peak flow.
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Figure 35 - Discharge vs ice temperature.
4.2.1.3. Lake Volume
Lago Cachet 2's volume has been estimated to be approximately equal to 0.23 km3. In
this simulation, this parameter has been made vary from 0.10 km3 to 0.69 km 3. Figure
36 presents the impact of this factor on the peak discharge.
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Figure 36 - Discharge vs lake volume.
Obviously if the lake volume increases, the peak discharge increases as well. The slope
of the line is a little less than 1 indicating that if the volume doubles, the expected
discharge is slightly less than twice the old value. An increase in Lago Cachet 2's
volume is highly improbable since when the water pressure is greater than the ice
overburden the lake outbursts. Assuming an increase of the 50%, there is a variation of
the 75% in the maximum discharge.
4.2.1.4. Tunnel Cross-section Shape
Parameter N accounts for the shape of the cross-sectional area. In the previous
simulations, the section has assumed to be circular, which corresponds to a value of N =
530.24 kg/s 2m8/3. To simulate the effect of a non-circular cross-section on the peak
discharge, # has been made vary from 12 to 25. In Figure 37 the new relationship is
presented.
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Figure 37 - Discharge vs .
If increases, the discharge decreases. It has to be noticed that an increase in the
effect of a non-circular cross-section could not be distinguishable from a decreases in
The maximum water level before the outbursts is 46 m. In this simulation h assumes
values from 10 to 300 m. Figure 38 displays the results.0 5 10 15 20 25 30
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Figure 38 - Discharge vs h.
The plot shows that the discharge increases with the lake water level. This increase is
slower when the level is greater than 150 m. If the lake level doubles, the peak
discharge varies by 71%.
4.2.1.6. Tunnel Length
The channel length has been measured to be equal to 8 km. It is impossible, given the
absence of instrumentation, to infer if this is the actual path the water flows through
below the glacier. More possibly a system of interconnected fractures extends below the
glaciers for even more than 8 km. Figure 39 is an aerial photography that shows the path
of the water to the snout of the Colonia Glacier.dischargeIII II vari s by 71%
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Figure 39 - Aerial photography of the GLOF's path from Lago Cachet 2to Rio Colonia, [4].
The following plot (Figure 40) displays how the flow changes if the length of the tunnel
goes from 1 km to 25 km.
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Figure 40 - Discharge vs Tunnel lengths.
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Increasing the length of the channel system, the water has more resistance in flowing
below the glacier therefore the peak discharge decreases. The range of values assumed
by the peak flow is narrower than in the case of the Manning roughness coefficient [See
Figure 34]. Assuming that the actual tunnel length varies from 5 km to 15 km, the
maximum discharge varies by 63%.
Table 6 summarizes the impact of each factor on the peak discharge.
Table 6 - Peak flow variation for each parameter.
Parameter Range Peak Discharge
Variation
Ti (C) 0- -4 73.2%
12- 15 94%
1o (km) 5-15 63%
4.2.1.7. Air Temperature
This analysis gives the increment discharge due to climate warming. Considering an
increment of 3C in the air temperature, the lake temperature would increase, in a 60
day-time window, from 80C to 100C. According to the modified Clarke's model, the
peak discharge correspondent to 100C is about 2,500 m3/s. Subtracting from this value
the maximum flow obtained for a lake temperature of 8 "C (correspondent to an
equilibrium temperature equal to 14.57 "C), the discharge increment is equal to 366
m3/s.
5. Conclusions and Discussion
This section presents conclusions about the reliability of the modified Clarke's model
and of the temperature balance model. In addition some comments and
recommendations are made with regards to the future scenarios of Lago Cachet 2 and
to the possible instrumentation that would improve reliability as well as other possible
research directions.
5.1 GLOF Frequency
The outbursts in the Colonia Glacier are increasing. The interval between the first two
events was 6 months and the following occurred at intervals of 3 months and 1 month
and a half. It is hard to predict the intra-annual frequency of future outbursts, since,
during the cold season, the melting is reduced (if not absent), Lago Cachet 2 gathers less
water, and the present water tends to freeze. Figure 27 shows the occurrence vs
maximum discharge of the four GLOFs happened between 2008 and 2009, [24].
The maximum discharge seems to remain constant while the frequency increases. The
previous models have shown that the frequency is directly dependent on the air
temperature and therefore on the melting rate of the glacier. An increase in the
occurrences means that the glacier is melting faster and the temperature trend is
increasing. What could also happen is that the air temperature heats up the water
temperature producing a higher peak discharge as well. These processes are likely to
stop or slow down in winter.
Developing a model that predicts the air temperature trend and relates it to the melting
rate could be helpful to forecast more reliable scenarios. A possible future scenario for
Lago Cachet 2 is that the GLOFs will continue to occur at a regular frequency (the
minimum time needed to fill the lake) and the flowing of the water will enlarge a
permanent tunnel to the snout of the Colonia Glacier. The situation will therefore evolve
to a steady-state condition where Lago Cachet 2 is directly in communication with Lago
Colonia as illustrated in Figure 28. An estimation of the time at which the steady-state
will be reached depends on the temperature trend. More observation will also be helpful
to better understand the mechanism.
5.2 Model Reliability
In the previous section, given the Lago Cachet 2's geometry and a lake water
temperature equal to 7.35 'C, the estimated peak discharge is approximately 2000 m3/s,
about 500 m3/s lower than the measured records. Because of the large uncertainty
regarding geometry and temperature of the area this prediction is certainly reasonable,
but it is not possible to claim that the model is verified. More measurements are needed
to put the model to stricter tests.
With regards to the temperature model, a higher accuracy could be reached with more
data about the local temperature, cloud cover, wind speed and relative humidity of the
Colonia Glacier. In addition, developing a model that better describes mixing within the
lake, and obtaining temperature measurements to verify the model, would be very
helpful.
In conclusion, the aim of this study has been to emphasize the role of air temperature as
a major cause of the glacial melting and therefore of the outbursts. It has been
discovered that a direct relationship exists between the lake water temperature and the
peak discharge of the outburst, and the sensitivity of the model to this temperature is
plausible. Developing a model that balancing the heat fluxes into and out of the lake,
the lake temperature has then been estimated. Despite of the lack of good data, this
research tracks the scheme to follow to correctly simulate Lago Cachet 2's outbursts. In
addition, the model predicts an increment discharge of approximately 15% due to a
climate warming of 3°C.
5.3 Recommendations
In order to develop this research and better simulate GLOFs in the Colonia Glacier,
more data has to be collected. These are the most important requirements for the
understanding of the process:
* Local meteorological measurements. It could be possible to install a permanent
station that records meteorological data (i.e. temperature, wind speed, cloud
cover, relative humidity, precipitation) directly next to Lago Cachet 2 or at the
snout of the Colonia Glacier (the slopes that are not covered by the glacier).
Ideally the station should convey the data to a satellite that makes it available on
the internet.
* Water level measurements. Instruments that record the water level of the lake
could be easily installed near the lake's shores. These would allow a direct
measure of the timing and flow of GLOFs, rather than relying on downstream
measurements of flow that are influences by other tributaries.
* Lago Cachet 2's geometry. Aerial photography and GPS measurements could be
very useful for the research.
* Colonia Glacier melting rate. Instrumentation for this purpose is usually very
expensive but effective. A complete understanding of this parameter could
clarify the whole GLOF process and allow one to better predict future scenarios.
5.4 Preventive Measures
GLOF events have been experienced all over the world since the late 1890s. Outbursts
in Switzerland and Nepal have been disastrous in terms of damages to infrastructures
and particularly to hydropower plants [19]. In Switzerland, the extinction of glaciers
due to melting has been the determining factor for the interruption of these events.
Glacial lakes continued to empty until the source of water disappeared. In other
countries of the world this phenomenon is at an earlier stage and the high population
density has forced the local authorities to invest in preventive measures. Some of these
projects could be also applied to the NPI in order to mitigate the impacts of the
outbursts.
The first measures to adopt in the case of hazardous glacial lakes are hazard zonation
and vulnerability mapping of the area. These provisions can only be realized with
accurate instrumentation of the lakes as described before (Paragraph 5.2.).
More definitive operations should be aimed at reducing the water pressure that acts on
the lake shores. Reducing the lake water level has been the only remedy to mitigate
GLOFs and sometimes the complete drainage of the reservoir has been necessary to
protect the downstream villages. In Nepal and Switzerland geotechnical structures like
canals, channels, ditches and gates have been constructed to regulate the water level in
hazardous lakes. Similar measures would be extremely intrusive for a pristine
environment like the NPI where the low population density is not consistent with these
massive transformations.
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